Abstract. The aim of the present study was to explore the underlying mechanisms of the roles of mechanical factors in the pathogenesis of pelvic organ prolapse (POP). The experiments were performed on fibroblasts derived from uterosacral ligaments and cardinal ligaments of patients who received total hysterectomy due to benign disease excluding POP. Fibroblasts were cultured after collagenase digestion and identified by morphological observation and immunocytochemical methods. A four-point bending device was used to subject fibroblasts at passage 4-6 to strains of 0, 1,333 µ (1 mm), 2,666 µ (2 mm) or 5,333 µ (4 mm) at a frequency of 0.1 Hz for 4 h. Intracellular reactive oxygen species (ROS) were quantified using the fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate. Changes in the mitochondrial membrane potential were verified using the fluorescent dye JC-1, and apoptosis was detected using Annexin V/propidium iodide staining and flow cytometric analysis. Mechanical strain changed the morphology and adherence ability of parametrial ligament fibroblasts. Furthermore, the production of ROS was significantly increased and the mitochondrial membrane potential obviously declined with the enhancement of mechanical stress loading. In addition, the apoptotic rate of fibroblasts subjected to high mechanical strain was significantly increased compared with that in fibroblast under low-intensity strain. In conclusion, the present study showed that mechanical strain enhanced intracellular ROS levels, decreased the mitochondrial membrane potential and increased the apoptotic rate in human parametrial ligament fibroblasts, which may contribute to POP.
Introduction
Pelvic organ prolapse (POP) is a common disease whose treatment is costly and which affects millions of women worldwide. Research shows that ~30% of elderly women suffer from prolapse to a certain degree (1) . Regarding the consequences of POP, it can negatively impair the quality of the patients' life and cause serious inconveniences to the patients and their families.
Pelvic organs are supported by levator ani muscles and connective tissue (endopelvic fascia and ligaments) attached to the pelvic organs. Therefore, the disruption or dysfunction of these supportive components may lead to a loss of support and eventually to POP (2) . Gestation and delivery can increase intra-abdominal pressure and damage the muscles and fascia in the pelvic floor, which is a well-known risk factor for POP. However, the underlying mechanisms of the effects of pelvic mechanical forces on POP has remained elusive.
Cells of the human body are equipped with an anti-oxidant system. Upon excessive production of reactive oxygen species (ROS) and the presence of excess levels of metabolites, the redox balance is disturbed, which activates anti-oxidant systems and triggers an oxidative stress reaction (3, 4) .
It has been suggested that mechanical forces can activate oxidative stress signaling pathways. This process is caused by a redox imbalance, which further leads to vascular remodeling (5) . Cyclic mechanical forces were shown to significantly increase the levels of intracellular ROS in myoblasts in a dose-dependent manner (6) .
Furthermore, a close correlation between POP and oxidative stress in the human body has been evidenced. The content of isoprostanes, which are oxidative stress-associated factors, was significantly increased in the cardinal ligament of the uterus and in the urine of patients with uterine prolapse (7) . The expression of the anti-oxidant-associated gene DSCR-1 decreased by 5.1 times in patients with POP (8) . In skin fibroblasts, oxidative stress disturbs collagen synthesis and gene expression (9) . Therefore, the present study hypothesized that the oxidative stress pathway is involved in the development process of POP.
Mitochondria, as the center of cellular energy metabolism and redox reactions, are the main cellular site of ROS generation. At the same time mitochondria are important target organelles of oxidative damage (10) . Oxidative stress changes the mitochondrial membrane permeability, decreases the mitochondrial membrane potential (ΔΨm) and suppresses the functions of the mitochondria. Consequently, caspase-3 is activated by pro-apoptotic molecules such as cytochrome C from mitochondria, which eventually leads to cell apoptosis (10) . A previous study found that the apoptotic rate was significantly increased in the supportive tissue of the pelvic floor of POP patients (11) . Caspase-3 and -9 expression was significantly elevated in the sacral ligament of patients with POP, which confirmed the involvement of mitochondrial apoptosis in the pathogenesis of POP (10) .
The aim of the present study was to determine the influence of mechanical strain on human parametrial ligament fibroblasts (HPLFs), as well as to investigate the underlying mechanisms of the effects. The levels of ROS, changes in the mitochondrial membrane potential and the apoptotic rate were determined in order to explore the possible mechanisms of mechanical factors in the pathogenesis of POP.
Materials and methods
Ethics statement. The present study was performed on human subjects and was approved by the Ethics Committee of Renmin Hospital of Wuhan University (Wuhan, China). Written informed consent was obtained from all patients prior to participation in the study.
Participants. A total of 10 patients who underwent hysterectomy surgery for reasons excluding the presence of malignant tumors and POP, were enrolled in the present study. None of the recruited women had any connective tissue diseases, pathologically confirmed endometriosis or estrogen-associated ovarian tumors. Furthermore, the patients were free from any complications that may lead to oxidative stress-associated diseases, including coronary heart disease, diabetes and hyperlipidemia. Patients who received surgery in the uterosacral ligamental site or had a history of estrogen application within the past three months were excluded from the present study.
Primary cell culture. The present study adopted a modified enzyme digestion method (12) for the establishment of primary cell cultures. Tissue specimens (0.5x0.5x0.2 cm 3 ) were obtained from part of the parametrial ligament during surgery (including sacral ligament and cardinal ligaments). The samples were washed with phosphate-buffered saline (PBS) containing 100 KU/ml penicillin G and 100 mg/ml streptomycin (Jenom, Hangzhou, China), and then minced into small pieces. The tissues were digested with 1% collagenase-I (Invitrogen Life Technologies, Inc., Carlsbad, CA, USA) for 3 h at 37˚C in 5% CO 2 , followed by further digestion with 0.25% trypsin (Sigma-Aldrich, St. Louis, MO, USA) for 5 min. 2 ml fetal bovine serum (FBS; Gibco-BRL, Invitrogen Life Technologies) was used to stop the digestion. Dulbecco's modified Eagle's medium (DMEM; Jenom, Hangzhou, China) containing 15% FBS was then slowly added to the culture flask. The medium was replaced every two days and the primary HPLF cell cultures were grown to confluence for passage. The HPLFs were used at passage 4-8 for the subsequent experiments.
Immunocytochemical staining. Cells in the logarithmic growth phase were digested with 0.25% trypsin, re-suspended and seeded into a six-well plate containing a pre-placed coverslip, followed by incubation for two days at a cell density of 10 5 cells/ml. After cells were ~70% confluent, the coverslips were removed. Cells were washed twice in PBS and immersed in 4% paraformaldehyde for 30 min for fixation. Cells then were washed three times in PBS, immersed in 3% H 2 O 2 and then incubated in the dark. After the endogenous peroxidase activity was exhausted, cells were washed three times in PBS and then incubated with mouse monoclonal vimentin (cat. no. sc-6260; Santa Cruz Biotechnology, Inc., Dallas, TX, USA; 200 µg/ml), and mouse monoclonal cytokeratin-19 (cat. no. sc-6278; Santa Cruz Biotechnology, Inc.; 200 µg/ml) antibodies at 4˚C overnight followed by three washes in PBS. Subsequently, the cells were incubated with secondary antibodies (k5007; Dako, Glostrup, Denmark) at room temperature in the dark for 1 h followed by three washes in PBS. The immunohistochemical stain was evaluated using an upright microscope (BX51; Olympus, Tokyo, Japan).
Compression of human parametrial ligament fibroblasts.
The four-point bending device (Miracle Technology Co., Ltd., Chengdu, China) is divided into three parts: Mechanical power systems, host computer and strain-loading dish. The deformation displacement, loading frequency and loading time were set via the host computer. An engine was used to generate a mechanical force, which was used to exert a strain onto a petri-dish containing cells via a stamping motion. Once the petri dish was bent, a corresponding force was exerted on the cells in the petri dish.
Using the four-point bending system for mechanical loading, the fibroblasts in the exponential growth phase at passage 4-8 derived from 10 patients were subjected to the loading strain. Parameters were set to a frequency of 0.1 Hz over 4 h, and cells were subjected to strains of 1,333 µ (1 mm), 2,666 µ (2 mm) and 5,333 µ (4 mm). The control group samples (0 mm) were incubated at 37˚C without any treatment under the same culture conditions.
Detection of ROS.
The ability of mechanical stress treatment to increase ROS production in HPLFs was measured by the fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCF-DA; Beyotime Institute of Biotechnology, Shanghai, China). Fibroblasts were subjected to strains of 0, 1,333, 2,666 and 5,333 µ for 4 h using the four-point bending device. The cells were then washed three times with PBS and incubated for 40 min at 37˚C with 1.5 µl H 2 DCF-DA in serum-free medium. Cells were again washed three times with PBS, and fresh serum-free DMEM was added. Images of cells with ROS-associated fluorescence were captured using an inverted fluorescence microscope (CKX31; Olympus, Tokyo, Japan), and images were analyzed using Image J version 1.46 software (National Institutes of Health, Bethesda, MD, USA).
JC-1 staining. JC-1 (Beyotime Institute of Biotechnology) is a sensitive fluorescent probe which can be utilized to measure the ΔΨm. In healthy cells with high mitochondrial ΔΨm, JC-1 spontaneously forms complexes known as JC-1 aggregates with intense red fluorescence. By contrast, in apoptotic or unhealthy cells with low ΔΨm, JC-1 remains in the monomeric form, which shows only green fluorescence. After the fibroblasts had been subjected to the respective strains for 4 h, they were rinsed twice with PBS and incubated with a mixture of 2 µl JC-1 staining solution and 2 ml serum-free medium in the dark at 37˚C for 30 min according to the manufacturer's instructions. The cells were then washed with JC-1 staining buffer twice, and 2 ml serum-free DMEM was added to each specimen. The JC-1 fluorescence was observed under the inverted fluorescence microscope. Image J software was employed to analyze the red and green fluorescence intensity. The ratio of red to green fluorescence was calculated, which was indicative of the ΔΨm.
Detection of apoptosis by Annexin V/propidium iodide (PI).
The HPLFs were subjected to strains as mentioned above. Subsequently, the apoptotic rate was determined by Annexin V/PI (Beyotime Institute of Biotechnology) double staining according to the manufacturer's instructions. Briefly, cells from different groups were harvested, washed with ice-cold PBS twice and re-suspended in 400 µl binding buffer. 5 µl fluorescein isothiocyanate-conjugated Annexin V and 10 µl PI were added, followed by incubation for 20 min in the dark at room temperature. The apoptotic rate was analyzed by flow cytometry (BD LSR II; BD Biosciences, Franklin Lakes, NJ, USA) using Flow Jo software 7.6 (BD Biosciences). The cells which stained positive for Annexin V and negative for PI were considered to be early apoptotic, while those which were positive for both were identified as late apoptotic cells. The apoptotic rates were expressed as the percentage of the total cell population.
Statistical analysis. Statistical analyses were performed using SPSS 16.0 (SPSS Inc., Chicago, IL USA). Image J software-generated fluorescence values and cell ratios in Flow Jo software 7.6 format were imported to SPSS, and the significance of differences between groups was tested by analysis of variance. P<0.05 was considered to indicate a statistically significant difference between values.
Results
Primary culture and identification of HPLFs. The fibroblasts mainly appeared as long spindles, but also as irregular triangles, polygons and other shapes as observed by light microscopy (Fig. 1 ). Cells were connected to each other to form a network structure. Immunohistochemical staining showed that cells were negative for cytokeratin ( Fig 1A) and positive for vimentin (Fig. 1B) .
Mechanical stress loading leads to morphological changes of
HPLFs. Under all mechanical stress loading conditions, cell morphology was atrophied, cell junctions appeared loose and weakened. Sections of the fibroblasts suffered a deformation from long spindles to round bodies. A 4-mm strain increased the rate of cell disruption and cell shedding (Fig. 2) .
Mechanical stress loading increases intracellular ROS levels in HPLFs.
In the control group, the ROS-associated fluorescence was weak (Fig. 3A and B) , while in the experimental groups, ROS fluorescence was enhanced after mechanical stress loading (Fig 3C-H) . The quantified fluorescence intensity following exposure to strains of 0, 1,333, 2,666 and 5,333 µ was 10.27±1.53, 20.13±4.55, 23.55±6.99 and 64.15±12.68, respectively, indicating that ROS production was significantly increased in the experimental groups compared with that in the control group (Fig. 3I) . 
Mechanical stress loading decreases the ΔΨm in HPLFs.
In the control cells, the JC-1 dye emitted a red fluorescence, indicating an intact ΔΨm (Fig. 4A-C) . After mechanical stress loading, the red fluorescence of the JC-1 dye was weakened, and green fluorescence was enhanced (Fig. 4D-I ). Quantitative analysis of the fluorescent microscopy images with Image J software showed that the ratio of red to green fluorescence of cells subjected to strains of 0, 1,333, 2,666 and 5,333 µ was 5.26±0.62, 1.03±0.014, 1.19±0.03 and 0.44±0.01, respectively (Fig. 4M) . The decreased red to green fluorescence ratio of JC-1 confirmed the decline in the ΔΨm.
Mechanical stress loading increases the apoptotic rate of HPLFs. Apoptosis was assessed using Annexin V/PI double-staining and flow cytometric analysis (Fig. 5A) . The The intensity of DCF-mediated fluorescence was quantified using Image J software and reflected the levels of intracellular ROS. ROS production was increased after mechanical strain and mechanical stress induced the production of ROS in a loading-dependent pattern. Values are expressed as the mean fluorescence intensity ± standard deviation of five fields of view per group (magnification, x100). * P<0.01 vs. control. ROS, reactive oxygen species; DCF-DA, 2',7'-dichlorodihydrofluorescein diacetate.
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quantified results showed that a strain of 1,333 µ did not markedly affect the apoptotic rate, while strains of 2,666 and 5,333 µ significantly enhanced the apoptotic rate compared with that of the control group (Fig. 5B) . In particular, a strain of 5,333 µ had a marked apoptotic effect, leading to an apoptotic rate of ~50% among non-necrotic cells (~50% of total population) with a large amount of cell debris (Fig. 5Ag and h ).
Discussion
Over a woman's lifetime, her pelvic floor tissues bear various mechanical stresses, including pregnancy, childbirth, defecation, cough and normal gravity, which contribute to an increased intra-abdominal pressure (13) . POP is thought to be caused by a decrease in the biomechanical properties of pelvic supports (14) . Uterine cardinal ligaments and utero-sacral ligaments surrounding the cervix are the major ligaments to bear pressures and maintain the uterus' normal position, and patients with POP who suffer an uterine prolapse attack present with a decreased strength of these ligaments (15) . The decreasing biomechanical properties are linked with tissue components, including cells and extracellular matrix (ECM); the ECM is synthesized and secreted by fibroblasts in response to strain. Therefore, the present study focused on the mechanisms of the effects of mechanical strain in the pathogenesis of POP. A four-point bending device was used to exert cyclic tensions on fibroblasts of uterus ligaments in order to mimic the intra-abdominal mechanical strain. The present study aimed at exploring whether the cytological changes of POP, including oxidative stress injury, mitochondrial apoptosis and cellular apoptosis, matched with the mechanical strain loading on the fibroblasts of uterus ligaments. It has been reported that four-hour mechanical strain loading on fibroblasts of periodontal ligaments by a four-point bending device led to obvious changes of these cells (11) . The experimental conditions of this previous study, combined with the results of previous preliminary experiments by our group, were used to select the strains exerted on the uterine ligamental fibroblasts in the present study (1,333, 2,666 or 5,333-µ strains over four hours).
In the present study, morphological observation indicated that part of the fibroblasts suffered a deformation from long spindles to round bodies under the action of mechanical force. The cells became easily detached from the petri-dishes, the cell morphology was atrophied and cell junctions appeared loose, which was similar to the observations of a previous study (16) . It has been reported that the morphology of fibroblasts undergoes regular changes, and that cells are oriented perpendicular to the direction of the strain (17) . The present study failed to observe any obvious changes in cell orientation, which may be due to the short time of mechanical stress loading. A certain amount of time is required for the cell orientation to change. Future studies by our group will further investigate this matter.
Furthermore, the production of ROS was assessed in HPLFs subjected to mechanical stress. ROS-associated fluorescence in the HPLFs increased with the enhancement of mechanical stress loading, particularly under the mechanical strain of 5333 µ. ROS are known to be the main source of oxidative stress, which may cause oxidative modifications of DNA, lipids and proteins. Under physiological conditions, modest ROS have positive effects on cells by scavenging endotoxin and are involved in the regulation of cell growth, serving as a second 
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messenger (18) . However, when the production of ROS becomes excessive, it may have harmful effects on cells. Similarly, human pelvic supportive structures continuously inherit physiological mechanical stress under normal circumstances, which may also have a beneficial influence on cells. Numerous studies have shown that mechanical forces can lead to oxidative damage in variety of non-pelvic floor cell types (5) (6) 19) . Therefore, the present study hypothesized that these risk factors, including pregnancy, childbirth, chronic cough and constipation, increase the abdominal pressure, which exerts excessive mechanical forces and may induce ROS production, leading to imbalances in the redox equilibrium of pelvic organs. The results of the present study demonstrated that low mechanical strain induced a slight increase in ROS, which was further elevated with the enhancement of mechanical stress.
The present study assessed the effects of mechanical stress on the ΔΨm of HPLFs. Mitochondria are among the primary organelles targeted by oxidative stress, as excessive ROS can directly harm mitochondria (20) . Low permeability and the electrochemical proton gradient of the mitochondrial inner membrane are the basis for maintaining the ΔΨm and essential for normal physiological function. The ΔΨm decreases in the early stage of apoptosis, triggering a series of biochemical changes, including the release of cytochrome C and B-cell lymphoma 2 (Bcl-2) as well as the activation of caspase. Cytochrome C and Bcl-2, as caspase activators, regulate energy metabolism and cellular apoptosis. Caspases can trigger the cascade reaction of cellular apoptosis, resulting in cellular death. It has been reported that mechanical strain can cause a decrease of myocardial ΔΨm (21, 22) . The results of the present study indicated that the ΔΨm of HPLFs decreased following mechanical stress. When HPLFs were subjected to strains of 1,333 and 2,666 µ, the ΔΨm dropped as indicated by a ratio of red to green fluorescence of ~1 as opposed to ~5 in the control group. Of note, a mechanical strain of 5,333 µ caused a distinct increase of green fluorescence intensity and the ratio of red to green fluorescence intensity was <0.4. These results proved that mechanical stress decreased the ΔΨm. The decline of the ΔΨm can active the mitochondrial apoptotic pathway, which results in cellular apoptosis.
Mechanical stress, such as tension and fluid shear stress, and the cellular apoptotic rate are linked, and when cells are exposed to forces above physical stimulation, the apoptotic rate increases in proportion with the magnitude of the force (23, 24) . However, to date, the underlying mechanism of mechanical stress-induced cellular apoptosis has remained elusive. Li et al (25) suggested that mechanical load-induced apoptosis of articular cartilage may be associated with the release of a large amount of calcium ions by the endoplasmic reticulum, leading to the activation of a mitochondrial apoptotic pathway. Ding et al (26) reported that compression-induced apoptosis of nucleus pulposus cells was associated with ROS-mediated mitochondrial apoptosis. A histological study of tissues from patients with POP also proved that the mitochondrial apoptotic pathway was activated (10) . Thus, the present study hypothesized that mechanical stress may cause apoptosis of fibroblasts from uterus ligaments through the activation of the mitochondrial apoptotic pathway. The present study showed that a mechanical strains significantly increased the cellular apoptosis rate to >17 times that of the control cells. Furthermore, the present study and our preliminary results indicated that high mechanical strains led to increased cellular detachment from the slide, significant increases in intracellular ROS production, decreases in the ΔΨm and a high level of apoptosis, which proceeded via the mitochondrial pathway. The results of the present study verified its preliminary hypothesis that mechanical stress initiated mitochondrial-depended apoptosis in HPLFs via injuring their mitochondria on the account of oxidative stress. Furthermore, cellular fragmentation was enhanced by a strain of 5,333 µ, leading of a population of non-necrotic cells of only 50% out of which 50% were apoptotic, while a strain of 2,666 µ resulted in 95% non-necrotic cells. The low amount of necrosis in the lower-strain groups may be due to the short time (four hours) over which the strain was applied, and in which time cellular apoptosis mainly stayed in the early stage. It is possible that the increased amount of cellular fragments was caused by excessive mechanical stress, which directly damaged cellular integrity. Therefore, the strain of 5,333 µ mechanically damaged the fibroblasts of uterus ligaments and the oxidative stress-induced mitochondrial pathway may therefore not be the only mechanism leading to cellular apoptosis under high mechanical stress loading. These remaining questions will be addressed in further studies by our group.
As one of the most important risk factors involved in POP pathogenesis, mechanical strain has already drawn the attention of numerous researchers. Mechanical indicators of POP patients' pelvic supports and possible intervention methods have been studied previously (27) . At present, there is no established animal model or fibroblasts cell line of uterus ligaments to be experimented on, which has restricted the development of POP research. The present study clarified the pathogenesis of POP from the angle that mechanical strain induced oxidative stress, which in turn caused apoptosis of HPLFs via a mitochondrial pathway, and provided a theory for the association between oxidative stress-associated cell injury and POP pathogenesis. However, the present study only provided preliminary information on the effects of mechanical strain on the development of POP, which require further in-depth mechanistic study. In particular, the effects of various intensities and periods of mechanical strain require to be tested. Further study is also required regarding the cytomechanical differences between HPLFs from POP and non-POP patients, and the possible attenuating effects of anti-oxidative agents on the development of POP may be worth investigating.
